Antimicrobial peptides (AMPs), in addition to their antibacterial properties, are also chemotactic and signalling molecules that connect the innate and adaptive immune responses. The role of AMP [α defensins, LL-37, a cathepsin G-derived peptide (CG117-136), protegrins (PG-1), polymyxin B (PMX) and LLP1] in modulating the respiratory burst response in human and murine macrophages in the presence of bacterial endotoxin [lipopolysaccharide (LPS) or lipooligosaccharide (LOS)] was investigated. AMP were found to neutralize endotoxin induction of nitric oxide and TNFα release in macrophages in a dose-dependent manner. In contrast, macrophages primed overnight with AMP and LOS or LPS significantly enhanced reactive oxygen species (ROS) release compared with cells primed with endotoxin or AMP alone, while no responses were seen in unprimed cells. This enhanced ROS release by macrophages was seen in all cell lines including those obtained from C3H/HeJ (TLR4 − / − ) mice. Similar effects were also seen when AMP and endotoxin were added directly with zymosan to trigger phagocytosis and the respiratory burst in unprimed RAW 264.7 and C3H/HeJ macrophages. Amplification of ROS release was also demonstrated in a cell-free system of xanthine and xanthine oxidase. Although AMP inhibited cytokine and nitric oxide induction by endotoxin in a TLR4-dependent manner, AMP and endotoxin amplified ROS release in a TLR4-independent manner possibly by exerting a prolonged catalytic effect on the ROS generating enzymes such as the NADPH-oxidase complex.
Introduction
Host antimicrobial peptides (AMPs) are ubiquitous typically cationic molecules involved in innate immune defences (Evans and Harmon, 1995; Bulet et al., 2004; Ganz, 2004) . In phagocytes they are constitutively present and stored in the cytoplasmic granules and are released into the developing phagolysosome. In contrast, non-phagocytic cells reacting to stimuli (including endotoxin) can inducibly synthesize AMP. Owing to their non-oxidative killing action, AMP are thought to perform an important role in innate host defence against invading pathogens (Ganz, 1999; Zasloff, 2002) . In addition to their antibacterial activities they can act as signalling and/or chemotactic molecules that connect innate and adaptive immune responses (Territo et al., 1989; van Wetering et al., 1999; Aarbiou et al., 2002; Nagaoka et al., 2002; Bowdish et al., 2004; Davidson et al., 2004) .
When phagocytes encounter a pathogen, membrane perturbation and phagocytosis can occur, quickly triggering a respiratory burst and subsequent cellular activation. Formation of the phagolysosome and subsequent degranulation results in the rapid release of these molecules into the phagocytic vacuole or secretion to the extracellular fluid (Chaly et al., 2000; Reeves et al., 2002) . When secreted to the extracellular fluid, AMP can neutralize endotoxin-induced cellular cytokine and nitric oxide release either by binding directly to lipopolysaccharide (LPS) or by blocking the binding of LPS to LPS-binding protein (LBP) Nagaoka et al., 2001) . Within phagocytes, AMPs and/or cationic polymers enhance respiratory burst in leukocytes and increase reactive oxygen species (ROS) release (Ginsburg et al., 1985; Ginsburg, 1989; Ammar et al., 1998; Stein et al., 1999) . ROS are likely to be important in host defence because of their direct bactericidal activity (Ogino and Awai, 1988; Stohs, 1995) or because they behave as signalling molecules that activate expression of proinflammatory cytokine genes (Baeuerle et al., 1996; Kaul and Forman, 1996) .
Endotoxin shed from an invading pathogen can prime host phagocytes for enhanced cellular responses. For example, neutrophils exposed to LPS upregulate NADPH oxidase assembly by inducing flavocytochrome b 558 translocation from the specific granules to the plasma membrane resulting in enhanced ROS release (DeLeo et al., 1998) . Furthermore, Elssner et al. (2004) reported that LPS-primed monocytes when stimulated with LL-37 show increased IL-1β release resulting from increased caspase-1 activity via the P2X 7 receptor.
The aims of this study were to investigate the interaction of AMP with endotoxins of pathogenic bacteria and to determine how these interactions might modulate proinflammatory cytokine and respiratory burst responses. As expected, AMP inhibited the ability of endotoxin to induce the production of TNFα and nitric oxide. In contrast, AMP and endotoxins were synergistic in enhancing ROS release and amplified the respiratory burst in macrophages. Enhancement of ROS release was seen when respiratory burst was triggered with either porbol myristate acetate (PMA) or zymosan and in macrophages primed with endotoxin and AMP or in unprimed macrophages stimulated directly with endotoxin and AMP.
Results

Antimicrobial peptide inhibits TNFα and nitric oxide release from endotoxin-stimulated macrophages
To determine the impact of AMP on the capacity of endotoxin to induce TNFα and nitric oxide release from macrophages, structurally diverse AMP (HNP-1, LL-37, CG117-136, LLP1, PG-1 and PMX) were used (Table 1) . A synthetic negatively charged variant of LL-37 in which the positively charged amino acids arginine and lysine were replaced with aspartic acid and glutamic acid, respectively, was used as control to determine the role of peptide cationicity in AMP biologic activity. THP-1 cells or U937 cells were used for TNFα release and RAW 264.7 macrophages for nitric oxide induction overnight. AMP were not toxic to eukaryotic cells as indicated by results from cellular proliferation and viability assays (see Experimental Procedures). When THP-1 cells seeded at 0.75 × 10 6 cells ml −1 and incubated for 5 days with increasing doses (2, 5, 10 or 20 μg 10 −6 cells) of LL-37, CG117-136, LLP1 or PMX, cellular viability was greater than 95% at all AMP concentrations used. Cellular proliferation was not significantly different between THP-1 cells incubated with 2 μg 10 −6 cells and 20 μg 10 −6 cells of AMPs (1.54 × 10 6 cells ml −1 and 1.53 × 10 6 cells ml −1 , respectively) which indicated that AMP were not toxic to THP-1 cells.
LL-37, LLP1, PMX, CG117-136, PG-1 and HNP-1 neutralized the effect of the Neisseria meningitidis endotoxin (lipooligosaccharide -LOS) as shown by a significantly decreased (P ≤ 0.005) TNFα release from THP-1 cells ( Fig. 1A) and nitric oxide release from RAW 264.7 cells (Fig. 1B) . PG-1, LLP1, LL-37 and PMX neutralized endotoxin more efficiently than CG117-136 or HNP-1 ( Table 2 ). The cationic AMP were also shown to neutralize the effect of endotoxin in a dose-dependent manner (data not shown). LL-37 at concentrations of 1, 2 and 4 μg ml −1 decreased TNFα induction from THP-1 cells stimulated with 1 pmole ml −1 of N. meningitidis LOS by 36%, 53% and 74% respectively. A dose-dependent reduction of 22%, 38% and 61% of nitric oxide induction from RAW 264.7 cells induced with N. meningitidis LOS in the presence of increasing doses (1, 2 and 4 μg ml −1 , respectively) of LL-37 was also found. Similar results were seen with the other cationic AMPs used in this study (data not shown). In contrast, a negatively charged LL-37 control peptide failed to neutralize endotoxin and did not inhibit TNFα or nitric oxide release ( Fig. 1A and B ); this negatively charged LL-37 peptide variant failed to kill Neisseria gonorrhoeae strain FA19 compared with the normal cationic LL-37 peptide (minimum inhibitory concentration values were > 200 μg ml −1 for the anionic LL-37 variant and 3.12 μg ml −1 for LL-37). Thus, the cationic charge of AMP may neutralize the ability of N. meningitidis LOS to activate macrophages. Although the levels of TNFα and nitrite induced were different, similar reductions were seen in confirmatory experiments with U937 cells and Salmonella typhimurium, Salmonella minnesota and Escherichia coli 55:B5 LPS and AMP (data not shown).
Antimicrobial peptide and endotoxin synergistically amplify respiratory burst
Although AMP-endotoxin interactions inhibited TNFα and nitric oxide release, the molecules together enhanced the respiratory burst response mounted by macrophages. In this respect, we observed increased ROS release as a result of the presence of endotoxin and AMP in human monocytic cell lines. Thus, when THP-1 cells were primed with N. meningitidis LOS (5.6 pmole ml −1 ) and LL-37 or CG117-136 they released significantly more ROS during the oxidative burst than THP-1 cells primed with N. men-ingitidis LOS or AMP alone ( Fig. 2A ). Amplification of ROS release by AMP and endotoxin was dose-dependent [i.e. cells primed with 5.6 pmole ml −1 LOS and 5 μg 10 −6 cells of AMP released more ROS compared with cells primed with 2 or 1 μg 1 − 0 6 AMP (data not shown)]. The synergistic effect of endotoxin and AMP in amplifying ROS release was seen whether the respiratory burst was triggered with a soluble PMA stimulus or by phagocytosis of opsonized zymosan. In contrast, the negatively charged LL-37 control peptide and endotoxin failed to amplify ROS release ( Fig. 2A ). Confirmatory results were obtained when U937 and MM6 monocytes primed with N. meningitidis LOS (5.6 pmole ml −1 ) and 2 μg ml −1 of polymyxin B or other AMPs (data not shown).
When the respiratory burst was triggered with the soluble stimulus PMA in MM6 monocytes primed overnight with N. meningitidis (5.6 pmole ml −1 ) LOS and LL-37 (2 μg 10 −6 cells), a significant (P < 0.001) increase in ROS release compared with cells primed with LOS alone (Fig. 2B ) was observed. No significant difference in ROS release was observed between cells primed with LOS alone or LOS and the negatively charged LL-37 control peptide at all measured time points during the respiratory burst (data not shown). Unprimed MM6 cells or those primed with LL-37 alone did not release significant amounts of ROS ( Fig. 2B ). Confirmatory results were seen when THP-1 cells and other AMPs were used (Table 2) and when the respiratory burst was triggered by phagocytosis of opsonized zymosan (data not shown). Also when other endotoxins (i.e. LPS from S. minnesota, S. typhimurium and E. coli 55:B5) were used to prime THP-1 cells or MM6 cells enhancement was seen with cationic AMP but not with the anionic LL-37 control peptide. Taken together, these data suggested a synergistic interaction between AMP and endotoxins in priming macrophages for enhanced respiratory burst response in contrast to their inhibitory effect on TNFα and nitric oxide release.
Enhanced ROS release by endotoxin in the presence of AMP does not require TLR4
The priming of macrophages with endotoxin required LBP, CD14 and TLR4 (Zughaier et al., 2004) , but the triggering of the respiratory burst was found to be a TLR4-independent event.
THP-1 cells blocked with anti-TLR4 or anti-CD14 monoclonal antibodies (5 μg 10 −6 cells) prior to priming with N. meningitidis LOS released significantly less ROS when the oxidative burst was triggered with the soluble stimulus PMA (Fig. 3 ). Furthermore, THP-1 cells primed with endotoxin in serum free conditions (i.e. without soluble CD14 or LBP) released significantly less ROS compared with cells primed in 10% (v/v) fetal bovine serum (FBS). The addition of recombinant LBP (20 ng 10 −6 cells) to serum free conditions restored endotoxin priming and ROS release (data not shown). However, when the respiratory burst of functionally TLR4-deficient but NADPH oxidase-sufficient macrophages (C3H/HeJ) was triggered with opsonized zymosan or opsonized LOS-coated polystyrene beads (thus without priming), in presence of the cationic peptide LL-37 (2 μg ml −1 ) and N. meningitidis LOS, a significant enhancement of ROS release was observed ( Fig. 4 ). TLR4-deficient macrophages primed with endotoxin alone or stimulated with either LOS-coated polystyrene beads alone or LL-37 alone did not show significant enhancement of ROS release. Similar results were seen when 23ScCr (TLR4 − / − ) murine cells and when other AMP (LLP1, PMX or HNP-1) were used (data not shown). These data suggested that phagocytosis and ROS amplification were TLR4independent events.
Enhanced ROS release by AMP and endotoxin is exerted through the ROS generating enzymes
The involvement of the ROS generating enzymes in enhanced ROS release by AMP and endotoxin was investigated by the following methods.
Phagocytosis triggered respiratory burst in macrophages-The respiratory burst in unprimed RAW 264.7 macrophages triggered by opsonized zymosan showed that AMP (LLP1, PMX, HNP-1) and N. meningitidis LOS added at the start of the respiratory burst significantly enhanced ROS release compared with macrophages treated with LOS or AMP alone (data not shown). To confirm this observation, the respiratory burst in RAW 264.7 macrophages was triggered by phagocytosis of polystrene beads coated with N. meningitidis LOS and opsonized with 1% (v/v) normal human sera (NHS). ROS release from RAW 264.7 macrophages triggered with LOS-coated polystyrene beads was significantly enhanced, in a dose-dependent manner, in presence of PMX. The peak of ROS release was 1000 ± 100 RLU and 2800 ± 250 RLU in presence of 2 μg or 4 μg of PMX, respectively, which represented an approximately threefold increase over that observed in presence of 2 μg of PMX. Polystyrene beads (uncoated with LOS) added with PMX did not result in significant ROS release (peak of ROS release ~250 ± 30 RLU). These data suggest that the synergistic effect of AMP and endotoxin was a result of a direct effect exerted on the ROS generating enzymes mainly the NADPH oxidase complex.
Xanthine-xanthine oxidase cell free system-In order to further determine whether the enhanced ROS release observed in macrophages with endotoxin and AMP influ-enced the catalytic activity of ROS generating enzymes, the cell free xanthine-xanthine oxidase system was used as a model. N. meningitidis LOS and PMX significantly amplified ROS release compared with the baseline level of xanthine-xanthine oxidase ROS release ( Fig. 5 ). LOS alone or PMX alone added to the reaction were poor inducers of ROS compared with AMP and LOS together. The addition of the ROS scavenger superoxide dismutase (SOD) decreased the synergistic effect of cationic peptides and endotoxin in enhancing ROS release from xanthinexanthine oxidase system. Similar results were obtained with LLP1, HNP-1, LL-37 (but not the negatively charged variant), CG117-136 (Table 2) and when other endotoxins were used (data not shown). These results further indicated that the endotoxin-AMP complexes enhanced ROS release probably by exerting a catalytic effect on the ROS generating enzymes.
Inhibitable cytochrome c reduction-To confirm enhancement of ROS release by AMP and endotoxin, an inhibitable cytochrome c reduction assay was employed as an alternative approach for the chemiluminescent detection method with lucigenin or luminol (Han et al., 1998) . High concentrations of lucigenin have been proposed to effect ROS generation (Heiser et al., 1998; Liochev and Fridovich, 1998) . THP-1 cells were primed with 5.6 pmole ml −1 of N. meningitidis LOS overnight in presence or absence of AMP (2 μg ml −1 ). The respiratory burst was triggered with PMA in presence of 90 μg ml −1 of cytochrome c in all samples and SOD in parallel controls. The results showed that THP-1 cells primed with N. meningitidis LOS and AMP LL-37, LLP1, PMX, CG117-136, PG-1 or HNP-1 released significantly more ROS as reflected by approximately twofold change in cytochrome c reduction OD measured at 550 nm (Fig. 6) . In contrast, the negatively charged LL-37 control peptide again failed to enhance ROS release (Fig. 6) . The data confirmed a synergistic interaction between endotoxin and cationic peptides in amplifying ROS release from macrophages.
Discussion
Through their ability to kill invading pathogens, AMP are thought to be important components of the innate host defence against infections (Ganz, 1999; Zasloff, 2002) . In addition, several lines of evidence have shown that AMP are signalling and chemotactic molecules that connect the innate and adaptive immune responses (Baeuerle et al., 1996; Kaul and Forman, 1996; Tang et al., 2002; Bowdish et al., 2004; Nemeth et al., 2004) . For example, α defensins enhance phagocytosis by macrophages, induce degranulation of mast cells and induce bronchial epithelial cells to release IL-8 that is chemotactic and leads to neutrophil influx (van Wetering et al., 1997; Tomita and Nagase, 2001) . Thus, α defensins promote the recruitment and accumulation of neutrophils to the site of inflammation. In addition, β defensin-2 acts directly on immature DC as an endogenous ligand for TLR4, inducing upregulation of costimulatory molecules and dendritic cell maturation (Biragyn et al., 2002) ; and cathelicidins are multifunctional cationic peptides that play an important role in regulating host defences (Zanetti, 2004) . In particular, the sole human cathelicidin LL-37 was reported to induce activation of the extracellular signal-regulated kinase and p38 kinase pathways in primary human monocytes and bronchial epithelial cells but not in B or T lymphocytes .
The biologic consequences of AMP and bacterial endotoxin interaction on macrophage cytokine and respiratory burst responses were investigated using highly purified endotoxins and synthetic AMP. These highly purified endotoxins were protein, phospholipid, DNA and peptidoglycan free, and activated macrophages via TLR4 (Zughaier et al., 2004) . AMP neutralized in a dose-dependent manner the well-recognized TLR4-dependent induction of TNFα or nitric oxide by endotoxin. However, cationic AMP and endotoxin were found to synergistically enhance the respiratory burst and ROS release by macrophages. This synergistic effect was TLR4-independent and was seen in macrophages primed with endotoxin and AMP as well as in unprimed cells when endotoxin and AMP were added at the start of the respiratory burst. The data suggest that the synergistic effect of AMP and endotoxin on ROS release is a result of a catalytic effect exerted on the ROS releasing enzymes such as the NADPH oxidases ( Fig. 7) . In support of this model, Ginsburg et al. (Ginsburg, 1989 ) demonstrated that poly Lhistidines, poly L -arginine, poly L -lysine (all cationic peptides) are potent stimulators of superoxide generation in human blood leukocytes. Ginsburg et al. (1993) also showed the synergistic effect among hydrogen peroxide, cationic substances, membrane-damaging agents and proteinases in killing of endothelial cells and the release of arachidonic acid. Furthermore, stimulation of ROS free radicals formation by millimolar amounts of aminoglycoside antibiotics has been demonstrated in neutrophils as well as cell-free assays detected by lucigenin or luminol chemiluminescence (Sha and Schacht, 1999) . Moreover, AMP such as the frog skin AMP dermaseptin, is reported to stimulate microbicidal activity of neutrophils by enhancing the production of ROS and exocytosis (the release of myeloperoxidase) (Ammar et al., 1998) .
The cationic nature of AMP was found to be critical for interaction with endotoxin, both inhibition of cytokine release as well as ROS amplification. Endotoxin is an anionic molecule that binds to cationic peptides by electrostatic and hydrophobic interactions (Kellogg et al., 2001; Andra et al., 2005) . The synthetic negatively charged LL-37 control peptide, in which the positively charged amino acids lysine and arginine were replaced with the negatively charged glutamic and aspartic acids, respectively, but retained an identical length and hydrophobicity to the positively charged LL-37, failed to neutralize endotoxin induction of TNFα and nitric oxide and did not amplify ROS release from macrophages. It is likely that the anionic characteristic of the LL-37 variant abrogated its ability to bind endotoxin. In agreement, Dokka et al. reported that ROS mediated pulmonary toxicity in mice induced with the multivalent cationic liposome LipofectAMINE was more pronounced compared with a monovalent cationic liposome DOTAP, whereas neutral and negative charged liposomes did not exhibit lung toxicity (Dokka et al., 2000) .
The mechanism by which AMP and endotoxin amplified macrophage respiratory burst is intriguing. Cationic AMP neutralize endotoxin's TLR4-dependent induction of cellular cytokine and nitric oxide release. This is accomplished either by binding directly to endotoxin or by blocking the binding of endotoxin to LBP thus attenuating or neutralizing endotoxin's inflammatory effects (Larrick et al., 1995; Scott et al., 2000; Nagaoka et al., 2001) . Physicochemical analysis of endotoxin indicates that lipid A conformation and supramolecular aggregate structure determine TLR4-dependent biological activity, i.e. 'cubic shaped' aggregates have biological activity whereas 'lamellar structure' aggregates are inactive (Seydel et al., 2003; Mueller et al., 2004) (Fig. 7) . Recently, endotoxin-neutralizing protein (ENP) of the horseshoe crab, which is one of the most potent neutralizers of endotoxin, was shown to bind endotoxin from S. minnesota and form inactive lamellar aggregate structures (Andra et al., 2004) . The lamellar aggregates of endotoxin and ENP are unable to trigger signal transduction via TLR4 and thus inhibit TNFα, but these aggregates are able to intercalate into phosphilipid liposomes representing cellular membranes.
Although priming of macrophages with endotoxin for respiratory burst or cytokine release was CD14-and TLR4-mediated ( Fig. 3) , our results suggest that enhanced ROS release by AMP and endotoxin is a TLR4-independent event (Fig. 4) . C3H/HeJ and 23ScCr cells are TLR4deficient, do not respond to endotoxin but are NADPH oxidase-sufficient, thus capable of both phagocytosis and mounting a respiratory burst. Opsonized zymosan alone can trigger phagocytosis and ROS release in these cells and this ROS production was increased in the presence of LOS and AMP. The effect was more pronounced in primed TLR4-sufficient cells that also respond to LPS via TLR4. While cationic peptides could directly enhance phagocytosis and ROS release by opsonization (Iovine et al., 1997) , ROS amplification by endotoxin and AMP was also seen in all cell lines when the respiratory burst was triggered with the soluble stimulus PMA, where opsonization would not play a role.
Phagocytosis triggers instant respiratory burst via NADPH oxidase complex activation and results in rapid ROS release. Priming with endotoxin appears to enhance a catalytic effect on the ROS generating enzymes by redistribution of components of the NADPH oxidase complex, shuttling them into the membrane and facilitating the complex assembly (DeLeo et al., 1999) thus promoting the respiratory burst and ROS release (Nisimoto et al., 1995; Reeves et al., 2002) . Our data suggest that AMP and endotoxin further enhance these events. Reeves et al. also demonstrated the importance of the interactions of AMP and ROS. Mice deficient in neutrophil-granule cationic proteases (e.g. cathepsin G) but which are NADPH oxidase sufficient fail to kill invading staphylococci or Candida. In wild-type mice killing is mediated through ROS and activation of proteases by K + flux that lead to cationic peptide release (Reeves et al., 2002) . Released cationic peptides could interact with pathogens decorated by anionic molecules such as LPS (Gram-negative bacteria) or lipoteichoic acid (Gram-positive bacteria) to enhance ROS generation and facilitate killing of the invading pathogen.
Other sources of ROS such as mitochondria and enzymes also may contribute to ROS release. As an example, Cytochrome c is a small water-soluble mitochondrial haemoprotein that transfers electrons from cytochrome c reductase to cytochrome c oxidase and ROS reduce cytochrome c (Ames et al., 1995) . ROS are also produced as a by-product of xanthine oxidase enzymatic activity (Canas, 1999) . The direct catalytic effect of AMP and endotoxin on oxidase enzymes responsible for ROS generation was confirmed in our study using a cell free system of xanthine and xanthine oxidase. The synergistic effect of AMP and endotoxin on amplifying ROS generation from the xanthine-xanthine oxidase system was abrogated by SOD, which suggests that AMP and endotoxin complexes prolonged the catalytic activity of such enzymes by increasing the half life. In support of the enhanced catalytic effect of AMP and endotoxin, unprimed RAW 264.7 cells that phagocytosed opsonized zymosan induced significantly higher ROS release in presence of cationic peptide and endotoxin.
Other studies suggest that AMP and endotoxin enhance respiratory burst responses. The major basic protein (MBP) in eosinophil granules activated neutrophils and amplified ROS release as well as lysosome release, in a dose and Ca +2 -dependent manner (Moy et al., 1990) . Other compounds, such as glucocorticoids inhibit TNFα and IL-8 release from Chlamydia-primed THP-1 cells while enhancing the magnitude of the respiratory burst (Mouithys-Mickalad et al., 2001; . The plant AMP known as thionins enhance E. coli-stimulated phagocytosis and respiratory burst where the poly cationic structure of intact thionins seemed to be crucial (Stein et al., 1999) .
Other biologic effects of the interactions of AMP and endotoxin have been described. Gorter et al. (2003) found that α defensins enhance bacterial adherence to host epithelial cells possibly via binding the lipooligosaccarides of Haemophilus influenzae and N. meningitidis. Furthermore, arginine-rich cationic peptides have been found to increase IL-8 production in LPS-stimulated human whole blood mainly from monocytes and this synergistic effect was CD14-dependent (Bosshart and Heinzelmann, 2002) .
Although an important host defence mechanism, excess release of ROS can also lead to cellular injury, host damage and can contribute to the sepsis syndrome (Del Maestro et al., 1980; Simon et al., 1981; Stohs, 1995; Touyz, 2003) . For example, pulmonary or systemic infections are associated with significantly increased concentrations of LL-37 and defensin in tracheal aspirates (Schaller-Bals et al., 2002) . N. meningitidis is associated with rapid and fatal sepsis. N. meningitidis endotoxin levels in circulation may be very high and are correlated with the severity of meningococcal sepsis (Brandtzaeg et al., 1992) . The results of this study suggest that N. meningitidis endotoxin and other endotoxins interact with cationic AMP released upon phagocytosis to amplify ROS release. ROS molecules can further activate the expression of proinflammatory genes such as TNFα, IL-1β and IL-6 (Baeuerle et al., 1996; Kaul and Forman, 1996) . In addition, released AMP induce the release of chemotactic chemokines such as IL-8 that recruits neutrophils. Taken together, the synergistic effect of endotoxin and cationic peptides in enhancing ROS release are probably designed to enhance direct killing of the invading microbial pathogen and enhance the innate and adaptive immune response, but if not localized this synergy may contribute to a widespread intravascular inflammatory response and sepsis.
Experimental procedures
Reagents RPMI 1640 medium, Dulbecco's Eagle medium, FBS, penicillin/ streptomycin, sodium pyruvate and non-essential amino acids were obtained from Cellgro Mediatech (Herndon, VA). PMA was from GibcoBRL (Grand Island, NY). TNFα, IL-1β and IL-8 ELISA kits and recombinant human LBP were from R&D Systems (Minneapolis, MN). Polystyrene latex beads, zymosan, endotoxin free albumin and lucigenin were from Sigma (St Louis, MO). RAW 264.7 and THP-1 cell lines were obtained from ATCC (Manassas, Virginia). MM6 cell line was kindly provided by Dr Geert-Jan Boon (The Complex Carbohydrate Research Center, University of Georgia, Athens, GA), the U937 cell line was kindly provided by Dr Yusof Abu Kwaik (University of Kentucky School of Medicine, Lexington, KY) and the C3H/HeJ (TLR4 − / − ) cell line was kindly provided by Dr Bruce Beutler (Scripps Research Institute, La Jolla, CA).
Synthetic cationic peptides LL-37, CG 117-136, PG-1 and negatively charged LL-37 control peptide were synthesized and purified at the Microchemical facility of Emory University as previously described (Shafer et al., 1998) . The negatively charged (anionic peptide) LL-37 control peptide was synthesized by replacing the positively charged amino acids lysine and arginine with the negatively charged glutamic and aspartic acids respectively. An engineered analogue of LLP1 (LSA5) was the kind gift of Dr Tim Mietzner (University of Pittsburgh School of Medicine, Philadelphia, PA). Purified polymyxin B and α defensin (HNP-1) were purchased from Sigma Chemical (St Louis, MO).
LOS purification and quantification
Endotoxin from the serogroup B N. meningitidis strain NMB (encapsulated, L2 immunotype) was initially extracted from whole meningococci by the phenol-water method (Kahler et al., 1996) . S. typhimurium TV119 Ra mutant, and S. minnesota Re595 mutant (phenol-chloroformpetroleum ether extraction) were initially obtained from Sigma. These endotoxin preparations were further purified and quantified as described (Zughaier et al., 2004) . Briefly, residual membrane phospholipids were removed by repeated extraction of the dried LOS/LPS samples with 9:1 ethanol:water. The expected fatty acyl components of 3-OHC12:0, 3-OHC14:0 and C12:0 and the absence of membrane phospholipids was assessed by mass spectroscopy (GC-MS) (Zughaier et al., 2004) (Dr Russell Carlson, Complex Carbohydrate Research Center, University of Georgia, Athens, GA). LOS preparations were examined by silver stained SDS-PAGE and no proteins were visualized. No nucleic acids were detected in the purified LOS samples when measured at ultraviolet wavelengths 260 and 280 nm. No muramic acid was detected by mass spectroscopy, which suggested the absence of peptidoglycan. Purified endotoxins were quantified and standardized based on the number of lipid A molecules per sample (Darvill et al., 1985) . LOS or LPS was resuspended in pyrogen free water with 0.5% triethylamine, vortexed for at least 5 min, boiled for 1 h at 65°C, then sonicated for 30 min in a water bath sonicator (L and R, Transisitor/Ultrasonic T-14) to enhance solubility. Endotoxin stock solutions were prepared in pyrogen free water at 10 nmole ml −1 concentration and further diluted with endotoxin free PBS to 1 nmole ml −1 and 100 pmole ml −1 with extensive vortex and sonication prior to each dilution.
Cell cultures
MM6, U937 and THP-1, human macrophage-like cell lines were grown in RPMI 1640 with L-glutamate supplemented with 10% FBS, 50 IU ml −1 of penicillin, 50 μg ml −1 of streptomycin, 1% sodium pyruvate and 1% non-essential amino acids. Culture flasks were incubated at 37°C
with humidity under 5% CO 2 . Murine macrophage cells (RAW 264.7, 23ScCr and C3H/ HeJ) were grown in Dulbecco's Eagle medium supplemented and incubated as mentioned above.
Cellular viability and proliferation assessment
The toxicity of cationic peptides was determined by assessing cellular viability and proliferation using trypan blue exclusion method (Prise et al., 1986) . Cells were grown at a starting density of 0.75 million cells ml −1 (final volume 20 ml) in presence of increasing doses (1, 2, 5, 10 and 20 μg 10 −6 cells) of cationic peptides PMX, CG117-136, LLP1, PG-1 or LL-37 for 5 days. Cellular aliquots (100 μl) were taken daily and cells were diluted 1:1 with the vital dye trypan blue 0.4% solution in PBS from Cellgro, Mediatech (Herndon, VA) and viable cells were counted. Cellular proliferation was assessed after 5 days of incubation with AMPs where cellular aliquots counted using automated cell counter Sysmex XE 2100 (Roche Diagnostics Quebec, Canada, Laval).
Cytokine induction by LOS
THP-1 human monocytes were differentiated into macrophage-like cells using PMA at a final concentration of 10 ng 10 −6 cell and incubated at 37°C for at least 24 h. Freshly differentiated macrophages were washed with PBS, counted and adjusted to 10 6 cell ml −1 , transferred into a 24-well tissue culture plate (1 ml well −1 ), stimulated with LOS at final concentration of 1, 0.5 or 0.25 pmole ml −1 with or without increasing doses of cationic peptides and incubated overnight at 37°C with 5% CO 2 . Cell culture supernatants were harvested and saved at −20°C .
Cytokines quantification by ELISA
Human TNFα and IL-1β Duoset kits (R&D Systems, Minneapolis, MN) were used for cytokine quantification according to the manufacturer's instructions.
Nitric oxide induction in RAW macrophages
Freshly grown RAW 246.7 macrophages adherent to the flask were washed with PBS and incubated with 5 ml of trypsin for 5 min at 37°C. Harvested cells were washed and re-suspended in Dulbecco's complete media. Approximately 10 6 macrophages ml −1 were transferred into a 24-well-tissue culture plate, stimulated with 1 pmol ml −1 with or without increasing doses of AMP and incubated overnight. Nitric oxide was quantified using the Griess chemical method (Park et al., 1993) .
Cellular respiratory burst (oxidative burst) activity
Freshly grown MM6, U937 or THP-1 cells were adjusted to 2 × 10 6 ml −1 , transferred to a small tissue culture flask, and incubated with 5.6 pmole ml −1 (~10 ng ml −1 ) LOS or LPS overnight at 37 °C under 5% CO 2 . Cells were primed with endotoxin in the presence or absence of AMP, which was used at a final concentration of 2 μg 10 −6 cells. Unprimed cells were incubated in the same way but without endotoxin. The cells were washed twice with culture medium and resuspended in standard buffer (4.58 mM KH 2 PO 4 , 8.03 mM NaHPO 4 , 0.5 mM MgCl 2 , 0.45 mM CaCl 2 , 1% (w/v) glucose, 0.033% (w/v) KCl, 0.76% (w/v) NaCl and 0.1% (w/v) endotoxin-free bovine serum albumin (pH 7.3) at 2 × 10 6 ml −1 . The chemiluminescence probe lucigenin was added to the cell suspension (25 μl ml −1 of cells from 1.0 mM stock solution) and mixed gently. Aliquots (150 μl) of the mixture were transferred into at least quadruplicate wells of a white 96-well plate (FluoroNunc-PolySorp; Nalge Nunc International, Rochester, NY). The respiratory burst was triggered with 50 μl of PMA (1 μM) or with opsonized zymosan (500 μg ml −1 ). Chemiluminescence was measured in relative light units (a measure of the number of photons generated by the reaction at each time point). Chemiluminescence was measured with luminometer (ML3000, Dynatech Laboratories Chantilly, Virginia) and the plate was read immediately and then at 5 min intervals for the next 90 min (Zughaier et al., 1999) .
Preparation of LOS-coated polystyrene beads
Purified LOS from N. meningitidis strain NMB was used to coat latex beads as described (Plested et al., 2001) . Briefly, 100 μl of beads were washed three times with 500 μl of borate buffer (0.1 M, pH 8.5) in an Eppendorf tube and then centrifuged for 6 min at 8160 g. The beads were resuspended in 400 μl of bicarbonate buffer (0.1 M, pH 9.68) and coated with 100 μl of LOS at a final concentration of 1 nmole per 100 μl of beads. The beads were vigorously vortexed for 5 min and incubated overnight with shaking at room temperature. The coated beads were resuspended in 0.5 ml blocking solution (1% (w/v) BSA in borate buffer) and incubated for 2 h with shaking at room temperature. Beads were blocked twice and stored in 400 μl of storage buffer (1% BSA, 0.1 sodium azide and 5% glycerol in 0.1 M PBS) and kept at 4°C. Prior to use in phagocytosis experiments, 50 μl of LOS-coated beads in storage buffer were added into 450 μl of PBS, washed three times with PBS, resuspended in 450 μl of final assay buffer and opsonized for 30 min at 37°C with 1% NHS. NHS were pooled from healthy donors that has not been vaccinated or previously infected with Neisseria meningitis.
Phagocytosis of LOS-coated beads measured by enhanced chemiluminescence
Reactive oxygen species release triggered by phagocytosis were quantified by enhanced cellular chemiluminescence method (Zughaier et al., 1999) . RAW 264.7 macrophages freshly grown in Dulbecco's medium or differentiated THP-1 cells grown in RPMI 1640 medium were washed and resuspended in standard buffer (4.58 mM KH 2 PO 4 , 8.03 mM NaHPO 4 , 0.5 mM MgCl 2 , 0.45 mM CaCl 2 , 1% glucose, 0.033% KCl, 0.76% NaCl and 0.1% endotoxin free albumin (pH 7.3) at 4 × 10 6 cell ml −1 . Lucigenin was added to the cell suspension (25 μl ml −1 of cells from a 1.0 mM stock solution) and gently mixed. Aliquots (150 μl) of the mixture were transferred into at least quadruplicate wells of a white 96-well plate as mentioned above.
The respiratory burst was triggered by phagocytosis of 10 μl from the opsonized LOS-coated beads. Chemiluminescence was measured in relative light units and the plate was read immediately and then at 3 min intervals for 90 min
Xanthine -xanthine oxidase cell free system
To study the effect of AMP and LOS in amplifying respiratory burst in a cell free system, superoxide anions were generated by the xanthine-xanthine oxidase reaction (Aasen et al., 1987) as follows. Lucigenin was diluted in K 2 HPO 4 buffer at a 25 μM final concentration, and 50 μl was dispensed into quadruplicate wells of a white 96-well plate. Fifty microlitres of 10 mM xanthine was added, and the reaction was triggered by the addition of 10 μl of xanthine oxidase (1.0 U). LOS and AMP were added together or alone at different doses at the start of the reaction. Chemiluminescence was monitored for 60 min
Cytochrome c reduction assay
Freshly grown THP-1 (2 × 10 6 cell ml −1 ) were primed with N. meningitidis LOS at 5.6 pmole ml −1 (~10 ng ml −1 ) final concentration with or without AMP (2 μg 10 −6 cells) and incubated overnight at 37 °C. Primed cells were washed with PBS and resuspended in standard buffer (4.58 mM KH 2 PO 4 , 8.03 mM NaHPO 4 , 0.5 mM MgCl 2 , 0.45 mM CaCl 2 , 1% glucose, 0.033% KCl, 0.76% NaCl and 0.1% endotoxin free albumin (pH 7.3) density of 4 × 10 6 cells ml −1 . Freshly dissolved cytochrome c was used at 90 μg ml −1 final concentration (Nisimoto et al., 1995; Han et al., 1998) . Oxidative burst was triggered with 100 ng ml −1 of PMA and the change in OD was monitored for 5 min at 550 nm using a Bio-TEK plate reader (Bio-TEK Instruments, Winooski Vermont). SOD was used at 250 U in parallel controls.
Statistical analysis
Mean values of at least four independent determinations ± SD and P-values (Student t-test) were calculated with Excel software. Inhibition by AMP of TNFα and nitric oxide release by endotoxins. A. THP-1 cells (10 6 cell ml −1 ) were stimulated with 0.56 pmole ml −1 (~1 ng ml −1 ) of N. meningitidis LOS in presence or absence of 2 μg ml −1 of AMPs, LL-37, LLP1, PMX, CG117-136, PG-1 or HNP-1 overnight. TNFα release was measured by ELISA. Each bar represents the mean of quadruplicate measurements of TNFα from a representative experiment and error bars represent the ± SD from the mean. B. RAW 264.7 macrophages (10 6 cell ml −1 ) were stimulated with 0.56 pmole ml −1 meningococcal LOS in presence or absence of AMP (see above) with nitric oxide release measured by the Greiss method. LL-37-ve is a negatively charged peptide and was used as control. P-values calculated for AMP + LOS compared with (Student t-test) to LOS alone* or to LOS + LL-37-ve charge** and were < 0.001. The experiment is representative of at least three other experiments. AMP and endotoxin enhance respiratory burst response in macrophages. A. THP-1 cells primed overnight with N. meningitidis LOS (5.6 pmole ml −1 ) in presence or absence of LL-37 or CG117-136 (CG) at 2 μg 10 −6 cells final concentration. LL-37-ve is a negatively charged peptide used as control. The respiratory burst was triggered with 50 μl of PMA (1 μM) and ROS release was detected with chemiluminescence probe lucigenin (25 μl ml −1 of cells from 1.0 mM stock solution). B. MonoMac6 (MM6) cells 2 × 10 6 ml −1 were primed with 5.6 pmole ml −1 of N. meningitidis LOS in presence or absence of LL-37 (2 μg 10 −6 cells). Other controls were cells primed with LL-37 only and unprimed cells incubated in the same conditions but without LOS. Each bar represents the mean ± SD of quadruplicate readings at the peak of respiratory burst and each experiment is representative of three other experiments. P-values calculated for AMP + LOS compared with (Student t-test) to LOS alone* or to LOS + LL-37-ve charge** and were < 0.001. The priming of macrophages with endotoxin for respiratory burst was CD14 and TLR4 mediated. THP-1 cells (2 × 10 6 cell ml −1 ) inhibited with 5 μg ml −1 of anti-CD14 or anti-TLR4 monoclonal antibodies prior to priming overnight with N. meningitidis LOS (strain NMB) at 5.6 pmole ml −1 (~10 ng ml −1 ) of LOS. Unblocked THP-1 cells primed with LOS, unprimed THP-1 cells or cells blocked with anti-CD14 or anti-TLR4 alone were controls. Respiratory burst was triggered with PMA and ROS release was detected with lucigenin. Each bar represents quadruplicate readings at the peak of respiratory burst. *P-values calculated in reference to LOS-primed unblocked THP-1 cells were < 0.001. The experiment is representative of two other experiments. AMP enhancement of endotoxin induced respiratory burst was TLR4-independent. Respiratory burst was triggered in unprimed C3H/HeJ (TLR4-deficient but NADPH oxidasesufficient) macrophages with 50 μl of opsonized zymosan (500 μg ml −1 ) in presence or absence of cationic peptide LL-37 (2 μg ml −1 ) and N. meningitidis LOS (1 pmole ml −1 ). ROS release was detected with lucigenin and monitored for 30 min. Each point was the mean of quadruplicate wells reading. P-values calculated for LL-37 + LOS compared with (Student ttest) to LOS alone or LL-37 alone were < 0.001. This experiment is representative of three other experiments. Enhancement by LOS and AMP of ROS release in a cell free system of xanthine-xanthine oxidase. Superoxide anions were generated by the xanthine-xanthine oxidase reaction (the baseline reaction) meningococcal endotoxin (LOS, 1 pmole ml −1 ) and polymyxin B (PMX) cationic peptide (2 μg ml −1 ) were added together or alone at the start of the reaction. SOD (300 unit per well) was added into control wells. Chemiluminescence was monitored over 50 min. P-values calculated for PMX + LOS compared with (Student t-test) to LOS alone or PMX alone were < 0.0001. This experiment is representative of four other experiments. Cytochrome c reduction by ROS was enhanced by AMP and endotoxin. THP-1 cells primed with 5.6 pmole ml −1 of N. meningitidis LOS in presence of 2 μg ml −1 of cationic peptides LL-37, LLP1, PMX, CG117-136, PG-1 and HNP-1 overnight. Respiratory burst was triggered with 100 ng ml −1 PMA in presence of 90 μg ml −1 of freshly dissolved cytochrome c with or without 250 units of SOD. LL-37-ve is negatively charged peptide used as control. Cytochrome c reduction by the generated ROS was recorded as the absorbance of reduced cytochrome c and the change in OD at 550 nm. Each bar represents the mean of triplicate readings after 10 min of incubation. This experiment is representative of four different experiments. P-values calculated for AMP + LOS compared with (Student t-test) to LOS alone* or to LOS + LL-37ve charge** and were < 0.001. Schematic presentation of a biological model for endotoxin and cationic antimicrobial peptide interactions. When endotoxin interacts with cationic AMP, lamellar (cylinder shaped) aggregate structures are formed that fail to trigger signalling via TLR4 and thus inhibit TNFα and nitric oxide release. But, endotoxin and AMP aggregates intercalate into the macrophage phospholipid membrane, cause membrane perturbation and facilitate NADPH oxidase assembly thus enhancing ROS release in a TLR4-independent manner. The conical supramolecular aggregate structures of active endotoxin stimulate macrophages via the TLR4 receptor complex resulting in TNFα and nitric oxide release and prime macrophages for ROS release. Table 1 Cationic peptides used in this study. AMP alone c ND ND 1 2 a ROS fold increase above the baseline ROS release from macrophages triggered for oxidative burst in the absence of LOS and AMP, or the baseline ROS release from the cell free system of xanthinexanthine oxidase in the absence of LOS or AMP.
b LL-37-ve is the negatively charged variant of LL-37 used as control.
c AMP alone refers to any AMP listed above. ND, not detected.
